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[4]. The kinetics of their folding and unfolding has been studied with temperature-dependent circular dichroism and differential scanning calorimetry [6-81 as well as with molecular dynamics (MD) simulation 19-131. The detailed folding and unfolding pathways of G-quadruplexes remain elusive since they have defled s tudy by single-molecule force experiments; equilibrium MD simulation, on the other hand, cannot characterize these processes due to their exceptionally slow kinetics. Stefl et al. studied the folding of a four-stranded intermolecular G-quadruplex of d(GGGG ) by probing possible supramolecular intermediates in the formation pathway [11] . The folding of intramolecular quadruplexes containing the human telomeric DNA sequence - [TTAGGG] -is likely to be
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more complicated because it involves the movement of the loop region (-[TTA] -).
The difficulties for studying G-quadruplex unfolding by equilibrium molecular simulation can be overcome by steered MD simulation [14, 15] : the ends of the molecule are linked to Hookean springs serving as force sensors whose ends move in opposite directions with constant velocity. Th is method is ab. le to give the non-equilibrium force f(1) as a function of the DNA end-to-end distance t, similar to single-molecule force experiments [16] . Free energy profiles which allow to identify intermediate states can be obtained from non-equilibrium force-extension curves using the Jarzynski equation [17 ,18] .
In the present publication, steered MD simulation was used to s tudy the unfolding of the parallel G-quadruplex from human telomeric DNA. By attaching the Hookean springs to different sites within the molecule (namely, to the terminal sugar backbone or to terminal bases), different force -extension curves are obtained which show one or two main peaks. The differences in the force curves are caused by different unfolding pathways, either characterized by a sliding mode or by a metastable intermediate state.
The calculation of the free energy profil e and refolding simulations corroborates the presence of the intermediate state in the case of pulling on the terminal nudeobases.
Methods
All simulations were carried out using the MD software package GROMACS 3.3 [19] with the AMBER 03 force field [201 and the Tip3P water model [21] . Simulations were run in the NPT ensemble. The temperature was kept constant at a temperature T = 300 K by coupling to a 6erendsen thermostat. The pressure was kept constant at p = 1 bar using anisotropic coupling to a Berends en barostat [22] . All bonds were constrained using the L1NCS algorithm [23] . An integration time step of 2 fs was used. Lennard-Jones interactions were calculated using a cutoff of 1 nm. At a distance smaller than 0.9 nm, electrostatic interactions were calculated explicitly, whereas long-range electrostatic interactions were calculated by particle-mesh Ewald summation [24] .
The 22-mer G-quadruplex of the human telomeric DNA sequence 5'-AG 3 [lTAGGGh-3' was studied. The initial atom coordinates were taken from the crystal structure of the parallel quadruplex (PDB entry 1 KFt [25J; see Supporting Materials, Fig. 51 ). The quadruplex was solvated in a cubic box of 6.5 x 6.5 x 10 nm 3 ; 22 K' ions were added to provide electroneutrality, three of which were positioned in the center of the quadruplex channel. An energy minimization of 1000 steps using the steepest descent algorithm was followed by a 400 ps position-constrained MD simulation in order to equilibrate water and ions. A subsequent MD simulation of 1 ns was performed to equilibrate the entire system. 
The force curves were smoothed with an FFT filter. Free energy changes during the stretching were calculated based on the Jarzynski equation which relates the free energy G(I) with the work W(l) performed to stretch the molecule to the end-to-end distance 1= IZ5 -z31 in non-equilibrium conditions
where the overbar denotes the average over all possible trajectories. We created 50 pulling trajectories with initial conformations randomly selected from the equilibrium simulation. In order to save computer time, we decreased the simulation box to 5 x 5 x 6 nm 3 • The free energies using weighted histogram methods as ensemble average [26] were calculated using the expression developed by Hummer and Szabo [18] .
Results

Equiliblium simulations
The stability of the G-quadruplex was verified by a 1 ns free MD simulation and comparison with the initial crystal structure. When three )(+ ions are positioned within the central channel of the Gquadruplex, one of them is readily expelled, leaving the re mainin g two cations located between the quartet planes. The resulting structure is stable, reflected by the small and constant overall 71 root-mean-square displacement (RMSD) values [( 1.9 ± 0.28) A] after 200 ps (see Supporting Materials, Fig. 52 ). In contrast, when no ions are in the channel, the structure is unstable and the overall RMSD continuously increases during the simulation (Fig. S2 ). The importance of the ](+ ions for the stability of the G-quadruplex structure is further underlined by the fact that the RMSD of the guanines after equilibration [(0.98 ± 0.16 ) AI is by about a factor of 2 smaller than the RMSD of the other bases [(2.1 ± 0.4) AI (Fig. S2) . In the following, we focus on force-induced unfolding in the presence of K+ ions,
Force-extension curves and force-indu ced conformation cilanges
Fig. 1 (A) and (B) shows the DNA end-to-end distance l(t) and the corresponding forces acting on the ends of the molecule as a function of simulation time. When the springs are connected to the backbone (05' of A 1 and 03' of G22, see inset in Fig. 1 (A) ), the force-extension curve shows a single peak at about 750 ps ( Fig. 1 (A) ). When the springs are connected to the terminal nucleobases (N6 of Al and N2 of G22, see inset in Fig. 1(8) ), the forceextension curve shows two distinct peaks at about 600 ps and 1100 ps which are separated by a trough at about 750 ps ( Fig. 1 (8) ). The large difference between the force curves in Fig. 1 (A) and (6) indicates that the pulling at different sites results in force-induced unfolding of the G-quadruplex along different pathways.
The difference in the unfolding pathways is further revealed by the distance of the guanine bases to the molecular center during stretching, as shown in Fig. I(C) and (D), as well as by the number of hydrogen bonds (see Supporting Materials, Fig. 53 ). During backbone pulling, all the guanine bases start to deviate sequentially from their equilibrium positions after about 700 ps (Fig. l(C) ). This onset coincides with the peak in the force curves in Fig. 3(A) . At the same time, the number of hydrogen bonds begins to decrease markedly ( Fig. S3(a) ), which implies that the G-quadruplex structure starts to break up. Although the distances of the guanine bases to the molecular center continue to increase after 1200 ps, the number of hydrogen bonds becomes stable of about 10, reflecting that some local structure remains. In contrast, during nucleobase pulling only G22 starts to deviate from its original position at about 600 ps, followed by G2 at 1100 ps, while the other bases deviate substantially from their equilibrium position only after 1300 ps ( Fig. 1 (D) ). This indicates that the unfolding of the G-quadruplex is triggered by the cooperative dissociation of guanine bases from their quartet planes. The dissociation of G22 and G2 coincides with the two peaks (at 600 ps and 1100 ps) in the force-extension curve shown in Fig. 1(6) . The number of hydrogen bonds rapidly drops from 24 to 18 at about 600 ps, and remains at about 16 until 1200 ps (Fig. S3 ( b) ). The first loss of six hydrogen bonds is related to the detachment of G22 from its quartet plane, while the plateau in the hydrogen bond number for 700 ps ~ t ~ 1200 ps indicates the formation of a relatively stable, intermediate state.
More detailed structural changes along the trajectory are illustrated in Fig. 2 and Supporting Materials Movie 51 and S2, in which the different unfolding pathways are clearly visible. For both pulling modalities, only A 1 is significantly extended at the beginning of stretching (t ~ 500 ps). Later on, the unfolding follows different directions for the different pulling modalities. For backbone pulling the relative positions of (G14, G15, and G16) to (G20, G21 , and G22) are almost un changed, as well as the relative positions of (G8, G9, and G10 ) to (G2, G3, and G4), forming two local structures (Fig. 2(A) ). When the molecule is stretched to an end-to-end distance of 8 nm at the end of the simulation (2000 ps), one of the local structures is still present (Fig. 2(6) ).
For nucleobase pulling, continuous stretching induces a complete detachment of G22 from its quartet plane, rotating perpen- dicularly to the quartet plane while the other bases remain at their positions ( Fig. 2(C) ); at about the same time. the first peak in the force curves appears (Fig. 1 (B) ). This intermediate structure remains intact in the following 300 ps despite the increasing extension. Later one ~ is released into the solvent, and G2 starts to deviate strongly from its equilibrium position (see Movie 52), leading to the second force peak at 1200 ps. After that, the G-quadruplex deforms quickly. At the end of the simulation (1500 ps), G3 and G4 are dissociated from their quartet plane but a local structure formed by eight guanine bases is still preserved (Fig. 2(0) ).
Free energy profiles Fig. 3(A) shows the free energy G( I) as a function of the end~to-end distance I for both the backbone and the nucleobase pulling modality. calculated from 50 non-equilibrium trajectories with Eq. (1 .3) . The slight increase of the free energy at small end-to-end distances I < 2.3 nm reflects the extension of A 11. For distances 2.3 nm < I < 3.0 nm, the free energy increases more rapidly for terminal nucleobase than for backbone pulling. Pulling at the terminal nucleobases results in a shoulder of about 35k s T at a distance of 3.3 nm which corresponds to the trough in the force-extension curve shown in Fig. 1 (B) . The free energy for backbone pulling, on the other harid, shows a more gradual increase with end-to-end distance.
Refolding
We atte\npted to simulate refolding of stretched G-quadruplexes by free MD simulation using structures from the stretching trajectory as starting data. For the backbone pulling modality, the molecule is found to either fold back to its equilibrium structure or to unfold entirely, depending on the amount the molecule had been stretched. Fig. 3(B) shows the RM50 of the guanines with respect to the equilibrium structure during free MD simulation. When the starting structure is taken from the coordinates at 750 ps of the pulling trajectory (Fig. l(A) ), the RM50 reaches a small value of about 0.15 nm after about 1 ns and remains constant thereafter (Fig. 3(B) upper panel. red line), which shows that the stretched structure at 750 ps folds back to its equilibrium structure after releasing the force. In contrast, if the starting structure is taken from the same stretching trajectory at 800 ps, the molecule is observed to unfold entirely after the 5 ns free MD simulation, as indicated by the continuous increase of the RM50 (Fig. 3(B) upper panel, black line).
In the nucleobase pulling modality, the molecule neither folds back to its initial conformation nor totally unfolds within our simulation time. Fig. 3(B) , lower panel. shows the RM50 of the guanines with respect to the equilibrium structure with the starting structures taken from coordinates at 600 ps and 1000 ps of the stretching trajectory. After about 3 ns, both RM50 values reach about 0.3 nm and remain nearly constant, which suggests that the two starting structures fold to a similar state which is, however, different from the equilibrium structure. Initial and final structure of one refolding process is shown in Supporting Materials Fig. 54 . In 8 ns, the molecule folds to a conformation in which G20 and G21 take the position of G21 and G22 in the crystal structure. forming two quartet planes with G3, G9, G 15, G20 and G4, G 10, G16:G21, respectively, which are stabilized by a K+ ion.
Discussion
The different positions of the Hookean springs for nucleobase and backbone pulling lead to dramatically different force-extension curves which shows that the different pulling modes probe different unfolding pathways. Backbone pulling leads to a sequential loss of hydrogen bonding, while nucleobase pulling is characterized by an early, localized break-off of G22 and. later on, G2, from the quadruplex, followed by a rather cooperative unbinding at about 1300 ps. TIle wide plateau in the hydrogen bond number at about 15 for 700 ps ~ t <. 1200 ps shown in Fig. 53(b) and the deep trough in the force-extension curve in Fig. 2( B) suggests that the pulling generates a relatively stable intermediate structure.
The calculation of the free energy G(I) shows a shoulder of about 35k s T at an end-to-end distance of 3 nm which corresponds to the trough in the force-extension curve for nucleobase pulling. The absence of a clear local minimum in G(I) at 3 nm which would give clear evidence for a thermodynamically metastable intermediate could be due to errors in the estimation of G(I) induced by the relatively low number of non-equilibrium trajectories used for calculating the free energy. However, the fact that in the refolding simulation starting from the partially unfolded structure we find a long-lived intermediate structure with two complete and one partial quartet plane. different from the ground state, indicates that this intermediate indeed is a structure which is produced typically, and not just marginally, by nucleobase pulling. Assuming that the lifetime r = 4 ns observed in the refolding simulation is representative, we estimate an activation energy Eo = ksTln( ry) = 8k B T required for a transition to the ground state by the Eyring equation for an overdamped system [271. assuming a momentum relaxation time y 1 = 1 ps for a DNA duplex.
For backbone pulling, the free energy G(I) is much smoother, which is in l.ine with the continuous denaturation of the quadruplex induced by pulling, and the absence of a long-lived intermediate in the refolding of the moderately unfolded quadruplex. Howa G-quadruplex forms from a random chain is an open question and cannot be followed with the present MD simulations. A "nucleation-slippage" model was put forward by Stefl et aL for the formation of intermolecular G-wires [111. The model by Mashimo and Sugiyama for the formation of a hybrid intramolecular G-quadruplex suggests that a hairpin structure is first formed, followed by a chair conformation and, finally, a strand flip within the chair yielding a hybrid G-quadruplex [28] . In our steered MD simulation, different unfolding pathways of the parallel G-quadruplex are observed depending on the anchoring sites. According to these observations, we propose two folding pathways for the parallel Gquadruplex, as shown in Fig. 4 . In folding pathway I, the random chain first forms two hairpin structures at the two ends, followed by association of the two hairpins to the quadruplex. Trapping of two K+ is most likely to occur in the second step. In folding pathway If, a hairpin is first formed in the center of the molecule, followed by the association of the other two arms. This step might proceed via slippage of one or two arms, similar to intermolecular quadruplex formation ]11]. At least for the last stages of quadruplex folding, the long lifetime of the metastable intermediate observed in the nucleobase pulling simulations suggests that the fastest way offolding proceeds via pathway I which appears to be less prone to kinetic trapping, rath,er than via pathway If.
In principle our simulation data can be compared to force-extension curves obtained from single-molecule force experiments. However, the pulling velocities used here are, due to limited computer time, by several orders of magnitude larger than the ones used in current experiments [29] . This may result in a significant overestimation of unfolding forces. Nonetheless, this should not affect the existence of the intermediate state during the unfolding predicted by our simulations and the folding pathway we suggested. An attractive candidate for experimentally testing the folding pathway presented here is single-molecule fluorescence resonance energy transfer (FRET) which allows to continuously monitor the distance between terminal bases labeled with donor and acceptor fluorescence dyes during the folding process.
